Large size high quality LiNbO 3 single crystals were grown successfully by tilting-mirror-type floating zone (TMFZ) technique. The grown crystals were characterized by X-ray diffraction, etch pits density measurement, Impedance analysis, Vibrating sample magnetometry (VSM) and UV-Visible spectrometry. The effect of mirror tilting during growth on the structural, electrical, optical properties and defect density of the LiNbO 3 crystals were investigated. It was found that the defect density in the crystals reduced for tilting the mirror in the TMFZ method. The chemical analysis revealed that the grown crystals were of high quality with uniform composition. The single crystals grown by TMFZ method contains no low-angle grain boundaries, indicating that they can be used for high efficiency optoelectronic devices.
Introduction
Lithium niobate, LiNbO 3 (LN) is an important ferroelectric material that has found applications in a wide range of optoelectronic devices, laser physics, holography, and acoustics 1, 2 . LN single crystals are important materials for optical waveguides, mobile phones, piezoelectric sensors, optical modulators, photorefractive devices, optical frequency multipliers, surface acoustic wave devices and various linear and non linear optical applications [3] [4] [5] [6] [7] . It has negative uniaxial birefringence which depends slightly on the stoichiometry and strongly on the crystal structure and temperature 8 . A LiNbO 3 crystal is one of the most promising materials in optoelectronics owing to its excellent optical properties 9, 10 . However, the optical properties of a LiNbO 3 crystals have not been widely utilized, because it was not easy to overcome some disadvantages in the crystal growth as i) low thermal shock resistance ii) numerous light scattering centers and iii) local fluctuation of the refractive indices in the grown crystals 11 In general, LiNbO 3 crystal is grown by the Czochralski (CZ) method in which compositional variation along the growth axis occurs in the crystals that affects several physical properties 2 . LiNbO 3 single crystals of 20 mm in diameter and 75 mm in length were grown by Bermudez et al., using CZ technique from a congruent melting composition, Li/Nb = 48.6 : 51.4 12 . In the LiNbO 3 single crystals grown by CZ method, some defects like cation vacancies are always present. 13 . Moreover, CZ grown crystals may contain some dislocations and subgrain boundaries. These defects seriously affect many physical properties and limit practical applications 3 . All applications of LiNbO 3 crystals require high optical quality and control of composition. Therefore, both large size and defect free LiNbO 3 single crystals are needed for design of various optical devices. Iyi et al., used a conventional Infrared heating floating zone (IR-FZ) method to grow LiNbO 3 single crystals with improved quality and homogeneous composition but it was difficult to obtain crystals of large diameter 14 . Floating zone (FZ) method is a powerful technique for growth of single crystals without contaminations because it is a crucible free zone melting method. In the conventional Infrared heating (IR-FZ) method, crystal diameter is limited by the shape of the molten zone. The shapes for both melt-feed and melt-crystal interfaces are convex towards melt in FZ method. A more convex crystal-melt interface might cause an easier drop of the melt, especially during the growth of the crystals with a larger diameter because the unexpected contact of the feed rod and the grown crystal in the molten zone during growth is a serious problem in growing a large-diameter crystal 15 . Therefore, the control of the convexity is one of the important issues to overcome the limitations. A slightly convex interface towards melt is better for improving the quality of crystals 7 . We reported that the interface shape can be controlled by tilting the mirror in the tilting-mirror-type floating zone (TMFZ) method as shown in fig.1 16 . It was revealed that the quality of the TMFZ-grown crystals increases with increase of tilting angle 17 and growth diameter 18 . In this study, we try to grow high quality LiNbO 3 single crystal by TMFZ method for optical device applications. The TMFZ method is an outstanding way of growing high quality single crystals especially for oxides. The LiNbO 3 single crystals were grown at θ = 20 degree by this method because it was reported to be suitable for growth of high quality single crystals 17 . This report deals with the merit of TMFZ method for growing large size LiNbO 3 crystals with reduced dislocations and subgrain boundaries. Subgrain boundaries are one of the main causes of the local fluctuations of refractive indices 11 . The main aim of this work is the growth of optically homogeneous single domain LiNbO 3 crystals for high performance device applications.
Experiment
A new tilting-mirror-type image furnace (Crystal Systems Corporation; model TLFZ-4000-H -VPO ) was developed for our growth experiment. The tilting angle (θ), as shown in fig. 1 , can be changed to up to 30° by a motor drive control. High-purity (>99.99%) powders of Li 2 CO 3 and Nb 2 O 5 were used as the starting material for feed preparation. 100g powder (48.6 mol% Li 2 CO 3 + 51.4 mol% Nb 2 O 5 ) was ball milled and mixed powder was calcined at 900 °C for 12 h in air. The powder was grinded and calcined again under the same conditions. Then the powder was grinded again and filled into a rubber tube using a long glass bar, and shaped into a rod. After sealing, the rod was pressed up to 3×10 8 Pa using a cold isostatic pressing machine (Nikkiso Co., Ltd.: model CL3-22-60). The pressed rods were typically 18 -20 mm in diameter and ~ 150 mm in length. A hole on the rod was drilled and the rod was tied with a Pt-Rh wire for hanging and then sintered at 1100 °C for 12 h in air. After sintering, the feed rod became 15 -17 mm in diameter and ~ 130 mm in length.
The applied conditions for growth experiment were a growth rate of 3 mm/h, upper shaft rotation of 10 rpm, lower shaft rotation of 30 rpm, a growth direction of <100> using a seed crystal. The crystals were grown within oxygen pressures of 3 atm. To enlarge the crystal diameter, the feeding speed was gradually increased 3 to 9 mm/h. In case of TMFZ furnace, the tilting angle, θ was 20°. It has been reported that this tilting condition is the best for growth of good quality large diameter single crystals with most stabilized molten zone 1, 8 .
The grown crystal was checked as single crystal by Laue technique using Rigaku X-ray diffractmeter. The crystals were cut perpendicular to the growth direction and parallel to the growth direction. Then the surface was polished like mirror. The polished surfaces were observed by optical microscope (Olympus U-MSSPG Japan) to investigate the phase purity and optical quality. The polished samples were soaked in a mixture HF and HNO 3 solutions (1:2 in volume) for 1 h at 100 °C to etch their surfaces for the purpose of observation of domain structure. The chemical composition was checked by Electron probe micro analyzer (EPMA) (JEOL: model JXA-8200). For quantitative analysis, a LiNbO 3 single crystal was used as standard to characterize the quality and composition of the grown crystals. The Agilent Precision Impedance Analyzer (Agilent technologies, Model: 4294A Japan) was used for measurements of frequency dependences ac conductance, impedance, dielectric constant and capacitance. The temperature dependence magnetic susceptibility was measured by Quantum Design Dynacool physical properties measurement system (PPMS).
Results and discussions

Structural properties and compositions
Lithium niobate has a trigonal crystal structure and is characterized by large pyroelectric, piezoelectric, electro-optic and photoelastic coefficients 19 . Although LiNbO 3 single crystal is important in broad areas of technological applications, the details of the physical properties and crystal structure are not readily available in literature. A bulk single crystal of LiNbO 3 is shown in fig. 2 (a) was grown using conventional IR-FZ method along the Z-axis in the oxygen pressure of 0.2 MPa. The LiNbO 3 single crystal shown in fig. 2 (b) was grown in the same conditions using TMFZ method to compare the crystal quality. The grown crystals were inclusion free. The grown crystals were cut perpendicular to the c-axis and Laue X-ray diffraction was taken to check the crystalinity and crystal structure. Fig. 3 shows the Laue x-ray diffraction pattern of TMFZ grown LiNbO 3 single crystal. The Laue analysis of X-ray diffraction pattern of the crystals reveals that they were single crystals and their growth directions were the [001] direction parallel to the c-axis. This analysis also showed that the crystal structure was trigonal with hexagonal symmetry.
The powder samples of LiNbO 3 after sintering and crystal growth were characterized at the room temperature by a Rigaku Mutiflex diffractometer range from 2θ = 5° to 85° with CuK α radiation (λ = 1.5418 Å), at 40 KV and 30 mA. Fig. 4(a) shows the X-ray diffraction pattern of the precursor 20 . The Table 1 shows the comparison of lattice parameters of FZ and CZ grown bulk single crystals and sintered ceramic powders of LiNbO 3 . The values in the bracket indicate the error in the calculated values.
The prepared samples were identified as highly crystalline and homogeneous by indexing these XRD patterns using JCPDS data No. 44-0145. Here the sharp peaks indicate the good crystallinity. In the XRD pattern the impurity phase peaks of Nb 2 O 5 and Li 2 CoO 3 are not present, so pure phase solid is obtained. The good crystallinity of LiCoO 2 crystals would improve the efficiency of the optical devices.
In order to get physical insight of the chemical bonding and phase formation, we have used FTIR spectroscopy. FTIR spectroscopic technique is powerful for investigating the local structure and cation environment in oxides 22, 23 . . These results confirm the XRD observations showing that the vibration bands for precursors vanished and the vibration bands for the oxide network developed. In the far-infrared region, we observed the single well-resolved band at 228 cm -1 . This sharp band in LiNbO 3 is assigned due to an asymmetric stretching motion of the LiO 6 octahedra 24 . It is the unique finger print of the Li site occupancy in the trigonal structure. There is a sharp medium absorption peaks around 1078 cm -1 , which is due to the vibrations of the lithium niobate crystal lattice. The results of FTIR analysis were good agreement with XRD results. Therefore, we conclude that the single phase LiNbO 3 single crystals of 25 mm ϕ are obtained at optimum conditions. Fig. 6 shows the compositional profile of TMFZ grown LiNbO 3 crystals along growth direction and diameter. Fig. 6(a) shows that the compositions of lithium, niobium This work and oxygen are uniform along growth direction. There are no significant variations of weight percent of constituent elements through growth length. Fig. 6(b) shows that the compositions of lithium, niobium and oxygen are uniform along cross-section. There are no significant variations of weight percent of constituent elements along growth diameter. These results showed that LiNbO 3 grown crystal were homogeneous in composition. The chemical analysis by EPMA revealed that there were no secondary phases produced in the crystal during growth. Hence single phase LiNbO 3 crystals was obtained by TMFZ method. The crystals grown by conventional IR-FZ and TMFZ were characterized by determining etch pit density (EPD) because Hirthe et al. showed that etch pits are known to be a good measure of the dislocation density 25 . Kinoshita et al., showed that etch pits arise in the presence of low-angle grain boundaries 26 . As the presence of defects like dislocations, grain boundaries etc. degrades the quality of the grown crystals, we measure the etch pits to clarify effect of mirror tilting on crystal quality. Fig. 7 shows optical microphotographs of the samples on the (100) surface after chemical etching. The observed etch pits are clearly few in the crystal grown by conventional floating zone method. On the other hand TMFZ grown crystal was almost free of etch pits. These results reveal that LiNbO 3 grown by TMFZ method was defect free high quality single crystal. In the previous study, we showed that the defects in the rutile single crystals were reduced by tilting the mirrors in the TMFZ method 17 . This study also established the importance of TMFZ method to grow high quality single crystals.
Phase purity and defect analysis
Electronic and magnetic properties
Electrical conductance of the samples were measured by impedance analyzer, where the signal frequency was varied from 100 Hz to 1 M Hz with applied oscillating voltage of 300 mV. All measurement has been carried out at room temperature. The frequency dependence electrical conductance LiNbO 3 single crystal grown by TMFZ method is shown in the fig 8(a) . The electrical conductance increases rapidly with frequency at the lower frequency range. The conduction in the material requires the hopping of charges between the allowed sites. Fig. 8(a) shows that low frequency region (up to 200 kH) is almost frequency independent and that of high frequency is dispersive region. Low frequency response indicate the long range transport of activated charges (dc conductivity) with regard to the applied electric field. 
Growth of Large Size Lithium Niobate Single Crystals of High Quality by
Tilting-mirror-type Floating Zone Method
The dispersive region at high frequencies can be explained with respect to the diffusion controlled relaxation model. Impedance spectroscopy is a relatively new and powerful method of characterizing many of the electrical properties of electrolyte materials and their interfaces with electronically conducting electrodes. Fig. 8(b) shows the frequency dependence impedance of the LiNbO 3 single crystals grown by TMFZ method. Impedance has been measured by impedance analyzer, where frequency was within 100 kHz-1MHz with applying oscillating voltage of 300 mV. The measurement has been carried out at room temperature. In the impedance measurements a sinusoidal potential is applied and the impedance and phase shift of the current are measured. At higher frequencies (above 600 KHz) Z is almost independent of frequency, which is attributed to the resistance effect. In the low frequency ranges, Z considerably decreases as the frequency increases.
The frequency dependent capacitances of samples were measured by impedance analyzer within the frequency range 100 Hz to 1 MHz at room temperature and oscillating voltage 300 mV was applied. Fig. 8(c) shows the frequency dependence capacitance of LiNbO 3 single crystals grown by TMFZ method. At the low frequency region capacitance decreases sharply and then increases slightly with frequency. The capacitance of LiNbO 3 single crystal is high at low frequency region due to contribution of all kinds of polarization at low frequency. Then the capacitance decreases with increase of frequency and finally approaches to an almost constant value above 150 kHz. This is due to the change of space charge, ionic and orientation polarization at higher frequencies 27 . The dielectric property of a material is another important factor in electronic device applications. Dielectric properties of the LiNbO 3 single crystal grown by TMFZ method was measured by the precision impedance analyzer. Silver paste was coated on both surface of each sample before measurement. Dielectric constant is a measure of materials ability to store electric charge. Dielectric constant also called the real part of dielectric permittivity (ɛ'). The frequency dependent dielectric constants of samples were measured within the range 100 kHz -1 MHz at room temperature with the oscillating voltage 300 mV. Fig. 8(d) shows the plot of dielectric constant with frequency of LiNbO 3 single crystal. It is observed that the dielectric constant is increased at lower frequencies. The high dielectric constants of LiNbO 3 single crystal at low-frequency range indicate the increased migration and polarization of Li + ions at electrode-electrolyte interface. The bulk polarization of the sample results from the presence of electrodes of Li + ions at electrode-electrolyte interface. The behavior of the dielectric permittivity with frequency is related to the applied field, which assists electron hopping between two different sites of the sample. At higher frequency region, the charge carriers will no longer be able to rotate sufficiently rapidly, so their oscillation will begin to lay behind this field resulting in a decrease. Generally, the relaxation phenomena in dielectric materials are associated with frequency dependent orientation polarization. At low frequency region, the permanent dipoles align themselves along the field and contribute fully to the total polarization of the dielectric. At higher frequency region, the variation in the field is very rapid for the dipoles to align themselves, so their contribution to the polarization and hence, to dielectric permittivity can become negligible.
The decrease of the dielectric constant ε′ can also be explained considering the interfacial polarization. The interfacial polarization arises as a result of difference in conducting phase, but is interrupted at grain boundary due to lower conductivity. Generally in polycrystalline materials, the grain exhibits semiconducting behavior while the grain boundaries are insulators. Fig. 8(e) shows the frequency dependence self-inductance of the LiNbO 3 single crystal. The sample was found to be diamagnetic at low frequency region. The inductance decreases with frequency up to 200 kHz then became stable. The inductance is negative in the low frequency region and become zero above 500 kHz. This results shows that the LiNbO 3 crystal is not magnetic in nature.
Bulk magnetic susceptibility of the sample was measured using a Quantum Design PPMS Magnetometer in a 1000 Oe applied field at temperature range 2-310 K. The temperature dependent magnetic susceptibility in the field cooling (FC) condition of LiNbO 3 single crystal grown by TMFZ method is shown in fig. 9 . No hysteresis was found, to be caused by ferromagnetism, in the field dependent magnetization.
There was no impurity peaks in the plot what reveals that the sample was free from magnetic defects. The FC data exhibit a decrease in the magnetization with the temperature due to magnetic anisotropy-induced loss of long-range magnetic ordering of the material. At high temperatures (above 250 K) the magnetic behavior of the sample is linear with temperature, which is typical of paramagnetic materials. At low temperatures (below 250) a departure from the linearity is observed, which indicates the presence of short-range magnetic interactions. The magnetic behavior in the single crystals of LiNbO 3 under applied magnetic field is rather complex, similar to that of LiCoO 2 compounds 28 .
Optical properties
Fig . 10 shows the variation of absorption with wavelength from 200 nm to 800 nm. The absorption increases with increase of wavelength in the visible. There are two broad and a sharp absorption peaks in the ultraviolet region. The sharp absorption peak at 202 nm is very strong one. The absorption peak at 220 nm is very weak and that at 287 nm is broad 
Conclutions
LiNbO 3 is one of the most widely studied functional materials because of its diversified application. Defect free large size LiNbO 3 single crystals were grown successfully by TMFZ method. Power XRD and Laue results show that the grown crystals were single phase with trigonal crystal symmetry. Comparative studies carried out on conventional floating zone and tilting mirror type floating zone grown LiNbO 3 single crystals revealed that FZ grown single crystals are almost defect free whereas modified TMFZ grown single crystals are completely defect free. The characterization of structural, electronic and optical properties showed that the samples are fit for use in high efficiency optoelectronic device applications. The characterization of magnetic properties showed that the samples were free of magnetic impurities.
